ABSTRACT A double-layer highly efficient and wideband transmitarray antenna is presented. The transmitarray element is composed of four metal vias and two crosspatches with two stubs. The metal vias penetrate the entire substrate and arrange symmetrically. The crosspatches are printed on both sides of the dielectric substrate. The metal vias are introduced to enhance the coupling strength. The stubs are added to ensure a sufficient phase shift range. The achievable transmission magnitude is greater than −2 dB, and the phase shift range exceeds 360 • within the whole band. A transmitarray antenna using the proposed element was designed, manufactured, and measured. The simulation and measurement results are in good agreement. The measured maximum gain is 29.2 dBi at 18 GHz with the 51.4% aperture efficiency. The experimental results show that the proposed antenna has a 1-dB gain bandwidth of 9% (17.2-18.8 GHz). The proposed double-layer transmittarray antenna realizes the low-profile characteristic, simplifies the design complexity, and solves the problems of the mass and the cost.
I. INTRODUCTION
Recently, the design of planar array antennas has received more and more attention [1] - [23] . The transmitarray is an attractive research topic. The transmitarray antennas combine lens and microstrip array antennas with the advantages of high efficiency, high gain, low profile and light weight. Compared with the reflectarray antennas, the transmitarray antennas eliminate the effect of feed blocking, which increases the efficiency and reduces the side lobes. However, transmitarray has narrow bandwidth and low efficiency characteristics due to the lower transmission magnitude and inherent narrowband feature elements. Therefore, it is necessary to develop highly efficient and wideband transmitarray antennas.
Broadband characteristic is one of the important indicators of array antennas. The reflectarray antennas developed earlier [1] and the design method is relatively mature. Until now, the wideband reflectarray antenna can achieve 25% 1-dB gain bandwidth in [2] - [5] . Recently, research on wideband
The associate editor coordinating the review of this manuscript and approving it for publication was Shah Nawaz Burokur. transmitarray antennas has been proposed [6] - [10] . However, the development of wideband transmitarray antenna is still in its infancy [11] - [14] . The wideband transmitarray antenna using two resonant rings as the basic element achieves 7.5% 1-dB gain bandwidth in [11] . The three-layer transmitarray antenna without dielectric substrate achieves 15.5% 1-dB gain bandwidth and 55% peak efficiency in [12] . The trasmitarray antenna, using the proposed structure, implements 16.8% 1-dB gain bandwidth in [13] . In [14] , an element model based on the bandpass filter was proposed and the transmitarray antenna achieves 16% 1-dB gain bandwidth and 60% aperture efficiency. The proposed transmitarray antenna has wideband and low profile characteristics.
In addition to wideband characteristic, low-profile structure and high efficiency are also important performances. When the reflectarray antennas are designed, the reflection magnitude does not need to be considered due to the presence of the ground. Therefore, the low profile structure is easy to implement. When a low-profile transmitarray antenna is designed, both the transmission magnitude and phase shift need to be considered. In order to achieve larger transmission magnitude and desired phase shift range, multi-layer structure is an effective method. It is difficult for double-layer structure to achieve ideal transmission magnitude and sufficient phase shift range. In [15] , a novel multi-folded quasi-optic trace principle is proposed to realize low-profile structure. The proposed element composed of two ring slots and the PBG structure is presented in [16] . The top and the bottom layers are cross strips, the middle layer is a T-shaped slot and each layer is supported by the dielectric substrate in [17] . In [18] , a novel transmitarray element using malta crosses with metal vias is proposed. The metal vias are adopted to augment the transmission magnitude, and the proposed element realizes 300-degree phase shift. In summary, the multi-layer low-profile element can realize more than −3dB transmission magnitude and 360-degree phase shift range. Due to the limitation of the low-profile structure, the transmission magnitude is close to −3dB and the transmission phase has a large slope, which results in the narrow bandwidth and low efficiency. The disadvantages of narrow bandwidth and low efficiency are especially obvious for double-layer low-profile transmitarray.
A double-layer highly efficient and wideband transmitarray antenna is introduced in this communication. The transmitarray element is composed of four metal vias and two cross-patches with two stubs. Due to the introduction of metal vias and stubs, the proposed element achieves 360-degree phase shift and desired transmission magnitude. A transmitarray antenna using the proposed element was designed, manufactured and measured. The simulation and measurement results have good consistency. The transmitarray antenna realizes wideband, highly efficient and lowprofile performances. Besides, the proposed transmitarray antenna has the advantages of low cost, light weight and easy processing.
II. TRANSMITARRAY ELEMENT DESIGN A. ELEMENT STRUCTURE
The structure of the proposed element is indicated in Fig.1(a-b) . The proposed element is manufactured on dielectric substrate with relative permittivity ε r and loss tangent δ. The side length of the element is P, and the thickness of the dielectric substrate is H . The structure of the cross-patch is given in Fig.1(a) . The cross-patches with two stubs are printed on the both sides of the substrate. The stubs are used to ensure the desired phase shift range. There are four symmetrically arranged metal vias through the entire dielectric substrate. The metal vias connect the top and bottom patches, which increases the coupling strength.
A series of parameters are studied to confirm that the proposed element can provide the desired transmission magnitude and sufficient phase shift. The optimized parameters are as follows: the width of the cross-patches (W 1 ), the length of the stubs (L a ), the position of the metal vias (R 1 ), the radius of the metal vias (R v ), the thickness of the dielectric substrate (H ). The detailed dimensions of the proposed element are given in Table 1 . 
B. EFFECT OF THE ADDITIONAL STUBS
The proposed element has two stubs, which enhances the transmission magnitude and increases phase shift range. The simulated transmission magnitude and phase shift of the proposed element are shown in Fig. 2(a) and Fig. 2(b) , respectively. There is a corresponding function relationship between L 1 and L a , which is shown in Table 1 . In Fig. 2(a) , the transmission magnitude is greater than −2dB when L 1 varies from 3mm to 8mm. In Fig. 2(b) , it is obvious that the phase shift range of the proposed element is more than 360 degrees. The proposed double-layer element achieves desired transmission magnitude and sufficient phase shift range.
Normally, the transmission element need to receive incident waves at different incident angles. Therefore, it is significant to calculate the transmission magnitude and phase shift at different incident angles. Fig.3 shows the simulated transmission magnitude and phase shift with different incident angles. The maximum incident angle of the element is 18.5 degrees, the incident angle of 20 degrees is simulated to verify the transmission characteristics. The element has a stable performance excepting for some slight shifting. The transmission magnitude always exceeds −3dB and the phase shift range is greater than 360 degrees within the design bandwidth.
C. METAL VIAS
The four-layer structure is essential for the design of traditional transmitarray antennas, because it can easily provide desired transmission magnitude and sufficient phase shift. When the number of layers becomes smaller, insufficient phase shift and smaller transmission magnitude will occur. So far, there are no studies showing that the double-layer structure can obtain the desired transmission magnitude and 360-degree phase shift range.
In this letter, four metal vias are mainly used to solve the problem of smaller transmission magnitude and insufficient phase shift range. In the absence of metal vias, the coupling between the top and bottom cross-patches is weak, which leads to transmission magnitude errors and smaller phase shift range. Fig. 4 shows the simulated transmission magnitude and phase shift without metal vias. As shown, when the length of L 1 is equal to 6mm, transmission magnitude errors and phase jump occur. The introduction of metal vias avoids these errors due to strong coupling between the upper and lower layers. The metal vias and the stubs work together to achieve desired element characteristics.
III. DESIGN AND MEASUREMENT

A. DESIGN OF TRANSMITARRAY ANTENNA
In this section, the configuration of the entire transmitarray antenna is given. A square transmitarray with side length 189mm is designed, manufactured and measured. Then, simulation and measurement results are compared. In the end, the excellent features of the element are analyzed and summarized.
The proposed transmitarray consists of 441 elements. The focal length is defined as the distance from the phase center of the horn feed to the transmitarray, and the focal length ratio is the ratio of the focal length to the side length of the transmitarray. The focal length is 300mm and the focal diameter ratio is 1.59. When the focal diameter ratio, focal length and coordinates are determined, the required phase shift for each element is calculated by the formula in [6] . Different microstrip lengths provide different phase shifts. According to the correspondence between phase shift and length given in Fig.2 , the required size of each element can VOLUME 7, 2019 be obtained. The pyramid horn is placed in the center of the transmitarray and is 300 mm away from the transmitarray plane. The configuration is easy to install and the distance between horn and transmitarray plane is easily controlled.
In addition to the configuration mentioned above, the aperture of the horn is also our concern. The reason is that the edge illumination levels affect the aperture efficiency and sidelobe level. The minor-aperture feed enlarges edge illumination levels, which increases sidelobe level. The larger-aperture feed decreases edge illumination levels, which broadens the beamwidth and reduces gain. A pyramid horn with the aperture of 60mm * 80mm and the height of 90mm is selected. A transmitarray antenna is designed and simulated according to these parameters.
B. EXPERIMENTAL RESULTS
The transmitarray antenna is simulated by ANSOFT HFSS software. The simulated gain and aperture efficiency are 29.4dB and 54% at 18GHz, respectively. The Fabricated prototype is shown in Fig. 5 . The transmitarray antenna was measured in a microwave anechoic chamber, and the measured radiation patterns are presented in Fig.6 . As shown, the main lobe and the first sidelobe regions of the measurement has slight protrusions, which results in a low-quality phase aperture surface and affects the radiation patterns. Besides, the feed alignments error, the permittivity deviation and intrinsic noises in the anechoic chamber also affect the measured patterns. These factors work together to cause the difference. In Fig. 6(a) , the sidelobe level of the E-plane pattern is 18dB and the cross-polarization level is 30dB. In Fig. 6(b) , the sidelobe level of the H-plane pattern is 19dB and the cross-polarization level is 30dB. The antenna has sidelobe level of 14dB and cross-polarization level of 26dB within the 1-dB gain bandwidth.
The comparison between simulated and measured gain versus frequency is given in Fig. 7 . The reasons for the inconsistency between the simulation and the measurement results are mainly PCB fabrication error, phase center misalignment, scattering of metal rails. The PCB fabrication error is the permittivity deviation. The phase center misalignment is that the phase center of the horn feed and the focus of the array are not aligned. The measured 1-db gain bandwidths are 9%. The maximum aperture efficiency is 51.4% at 18 GHz. Table 2 lists the characteristics of the proposed antenna and the recent published antennas. It is obvious that the proposed transmitarray antenna has the advantages of low profile, wideband and higher aperture efficiency. It can be concluded that the proposed element is significant for the design of transmitarray antennas.
IV. CONCLUSION
A double-layer highly efficient and wideband transmitarray antenna is presented. The proposed element consists of four metal vias and two cross-patches with two stubs. Four metal vias are mainly used to solve the problem of insufficient transmission magnitude. The stubs are added to realize 360-degree phase shift range. The achievable transmission magnitude is greater than −2dB and the phase shift range exceeds 360 • within the whole bandwidth. A transmitarray antenna using the proposed element was designed, manufactured and measured. The simulation and measurement results are in good agreement. The measured maximum gain is 29.2dBi at 18GHz with 51.4% aperture efficiency and the transmitarray antenna has 9% (17.2GHz-18.8GHz) 1-dB gain bandwidth. The proposed element simplifies the design complexity and solves the problems of the thickness, the mass, and the cost.
